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THERMIONIG 'IONS GEBIERAEEED N NITROGEN |
" AND GARBON DI@XIDE

Ghapter 1
THERMIOEIC IO0W GENEBATLON

i The problem 13 o determlne the behavler of 9931t1ve
fand negatlve ions pr@dueed by thermioniec means in nltregen
A.land carbon.d1@X1de at atmospherle pressureo_ It is. treated-
iby generatlng the 1cns in the gases in the presence of an
iapplled electrlc fleld and measarlng the magnltudes of the
ion eufrents prcdu@edov The moblllty can be determlned as

a fun@tlon of thls current an& th@ apylled veltageo »
Th;s:ehagter glves a_brlef summary of exlstlng}eguas
"_tions fer the emission éf.b@th eie@tr@ns aﬁa positivé>ibﬁé.~

- from hot metalso There: 1s a dlsau331gn on the formatlon
of both p@sztlve and negatlve ions in & gas. The}mobll;tyi'
of an ion mov1ng under the influence oF an electric fi@ld
s deflned and dlseussed brleflyo Twé pr@eeSSes ef4deioni¥ f

. zatlon are alse dlseussedon

-~

7,1 l THERMIONIG EMISSIGN OF ELECTRONS

The most Wld@ly aeeepted @quatlon for the emmssmen of

' eleetrcns from & clean pure metal w1th zero fleld gt the



emitter is Dushman's égﬁéﬁio& which states that
| T=a e 0 (1.1)

current den51tj in: amps per square meter of

o

WhereA-J
~ cathode area
P o= temperature Qf the caﬁhode in degrees Kelvingi

b, = eE /K = 11,6008

E = Work funetion of the metalg‘

 9'= eleetronic ‘charge,

K = Bgltzmgnn =R e@nstantg

g#é.* 4TmeK2/h proportlénallty @onstant‘ln amps

per meterz per degreeg

B

b= Planek“s e@nstant9 :

'm = ele@tren N2sSS .

Theoretlcally A should be & unlversal eonstant having

2

B a value of 120. 4 = 104 amp/meterz/degree for the emission 7,'.

- of electronsg Phisy has not been verlfleﬂ.eﬁperlmentally

";’»degree

'hbweverg and in the ease of several meﬁals the vélue has
been &etermlned experlmentally t@ be 60 2 x 104 amps/me%erz/
29 Just. half of the thearetleal valueo_ Th@ reasgn
-’,fer th1s is not knowno | _ | |
| T@ flnd A and b elperimentally the em1331on eeuati@nx-
:13 put in the form ' o L
logy, J/T = 1oy 4 - 0.4343b /io. ,  C(1.2)
CIf the lefs hand 51de of the equatlon is Elgtted agalnst
1/T, the result shauld be a stralghﬁ 11ne with an intereept

* of loglg A and a sl@pe of aO 4343b o Thls method of



3.
»determiﬁing the ébns%antg is’nof toé accurate Béeause Gf
llmlte& temperature rangesD surfaee 1mpufitlesg and dlffl= :
eulties 1nvolve& in the measurement of temp@ratureol’

. When the electric field et the emitting surfaee be-
'comes_g:eaterjthan,zer@9~the ele@tronSabelng @mltted are
“acted u.pon bfy the field. Thls is the Schottky effect.

l -Under these eendltlons the emissien current denglty from f

‘2 pure metal is glven by

1/2,
3=, GB@E /2KT

(1.3)
Wheré.J v'current density with the fleld present9
_ JQ = carfent d@n51ty with no field Qresentgl'
E = electric field 1nten31ty at the emitter surfaceo

This equaﬁion is derlved using the assumptlon that the
| electrlc f;eld-eauses a_IQW@ring of the work fametleﬂ‘ef
the métélog | ‘“ |

- To verzfy experlmentally the @quatzoﬁ develape@ in
Chapter 2 of thls th93139 it is- ne@essary ﬁhat the ion -
current with zero electric field at the emitter be known.
To find this cﬁfrént aAplbt of the form in Figure 1.1 can

be made.

lJ@hn D. Ryder, Electronle Pundamentals and é@pllca=
ctions, Prentice-Hall, Inc., New York, 19509 PPo 82 84 .-

2T L. Martin, Jr., and €. R. Hausenbauer9 Notes on
Thermionic Ion Generation in Gases, for National Science
Poundation grant NSF-GT767, p. 1.9 (citing "Elements of
Thermionics,® Proceeélngs of the IRE MaJ9 19519 Po 4919
by N. E. Danferth) , '
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el Eb2>EM -
. Temperature / /Space Gharge By
Ib Limited - Linited o
Region

Region.

Iy = eurrentrflgwing'between
' the two electrodes’ E
voltage applied to one

@f the eleetrades

ﬂ~

| Temperature of
emitting eleecirode

Figure (1.1)

In this plot the;piatenvoltagejiélﬁéid[éqnstant@_andfthe;%
~ plate current is measured as a function of ﬁhe;filameht’ 

témperazureo The\agndiﬁi@ﬁ of'zefckfield*at_thé'eﬁitterf?

sﬁ?faee\oeeurs at<§hé‘p@int‘of tfansition from the temyerg'
ature liﬁiteé eoaéitionfte théAspace charge limited ébndif
~tion. The curren?.cgn‘éési;y be,égt@rmined.by>this_methc&;‘
bé@ausg'the»spaQQ Qhérge’regieé_ié«hérizoﬁtalgfand.extfaéu.

‘polation to the current axis gives the desired valueb1 o

o lio Lo Martlng Jr09 and C. Ra Hausenbauer9 Notes on
Thermionic Ion Generation in Gases, for National Secience
Foundation grant NSF=G767, pp. 1.6=1.7 (eiting "Elements -

of Thermionics,¥ Pr@ceedlngﬁ of the IRE9_May9 19519 po 4869 ‘f*”'

' by No E. Danforth)a;



02 THEBMIONIC EMISSION OF POSITIVE IONS
1

Ao von Engel states that when & metal is heated t@ a
sufflclently hlgh temp@ratmre9 p931tlve ions as- Well as

neutral atoms are evaporatedo» The 1en eurrent den51ty is

' given by an equatlon of the form

gt = clwzg*‘ll 50@Em~sﬂ (L 4)

Where‘cl is. a constanikand E is a werk funetlen for p@Sl=
'tive 1©ns'and is 1arger than thﬁ work funotlon for electr@nso

Materials. present as 1mpur1tles on the surfa@e @f an
JemltterAmay be evab@rated as posztlve 1@nsov For thls t@‘
t occur the werk faﬁctlcn of the surface must exeeed thef_‘”
: 1©nlza%10ﬁ petentlal of the at@m Whl@h is to be @V&Qorate@
as an‘lono S@metlmes neutral at@ms of the vagor surrounélng
‘the fllament diffuse 1ntg the emltt@r sarface wher@ they
l@se an eleetron and are repelled aa p051tlve ions. It ‘
is alse p0531ble that §@51t1ve 1©ns @f the . pure metal fila=
' ment are evap@rated but the curfents caused in thls way
'are small compared to - other emission eurrents°2 
Em1581on of platlnum ions- from heated platlnum is ;
‘rabserved only in a rush of eurrent just before %he fllament
‘burns outo_<Almos% all positive ioms fr@m platlnum at or-

- dinary temperatures seem to come from alkaline impurities.

le von Engel Ianlzed Gasesg Oxfcré Pre359 Londcng
19559 PPe 74=750 P B

- " 2James D. G@bin69 Gasegus Conduetorsp MGGP&W=H111 Book.
'Ccmpany9 In009 New Ygrky 19419 Bo 1220 : o




The supply of ions does not seem to dlmlnlsh to Zexo even

.after exten51ve heatlngol

~‘l 3 FORMATION OF GASEOUS IONS o

” In dlseu551ons c@ncerned Wlth 1on fcrmatlon by Golll=
sion. between electrens and atems or melecule89 mentlon 13
'made of several dlf&@?@ﬂt types of 1mnact Whleh can oseur.
Aa elastlc GOlllSl@n as one in Whl@h there is no energy
'exchangedq In an inelastic eollzs1en there‘lsvan_egshangé

of energy, and thé-atem may become. ionizedvorg it may be-

L'ébme excited. Another type of 0@111S1Dn is the superelastleilﬂff

GOlllSl@ﬁ in which an eleetrom collldzng with an ezclted
.atem ﬂalns energy from the at@mo This oceurs only’when_
the atom has been exczted before the GQlllSlQnoz | |

: Gslliazon cress»seetlen 1s a representatlen @f the
}p0381b111ty @f a cclllslgn between two partlcleso In one
of the mcst common approaehes to the problem the at@ms
are con81dered selld spher639 and the cross»se@tlon is th@

: cress«sectlonal area. of,these spherego However9 since atoms

4 lT L. Maftlng Jr., anﬁ C Re Hausenbauerg Netes on
?hermlonlc ITon Generation in Gases, for National Science
Foundation grant NSP-~G767, p. 1.10 (citing "The Emission
of Positive Tons From Heated Metalspw Phy51cal Bev1ew
428487, by Lo L. Barnes) :

o ZTO L. Martlng Jrog and €. R, Hausenbauerg Notes on
Thermionic Ion Generation in Gases, for National Science
. Foundation grant NSF-G767, po. 4.1 (eltlng Electronic and
Ionic Impact ?hen@menag PPo l=2 by Ho So Wo Massey and
Eo He So Burhop o )




are not solid SPhéresg‘ﬁhe crésé=seetional area depenés.én‘ i
+the state of the atom and the force of attraction between
the nucleus and the electronsol 5 |

- ngh energy electrcns mQV1ng 1n a gas may @ause the
gas to become 1enzzed by a slngle 00111810n9 but’ becamse -
of - the eonservatlon prlnezples 1nvolved and the many @0581»  

ble angles of colllsien there 1s 2 greater p0531b111ty

' that ionization. will eccur by a serles of OGlllSlOHS rather

| than a- 81ngle one.. A GOlllSl@ﬂ W111 asually not be heaﬁa'
on S0 the angular mementum of the eleetron an& atom (@r_.
molecule) W1th respeet to the comman center of mass of

v ogystenm’ has to,be ccnservedo If the @nergy @f the electron

mis higher than the energy‘regulre@ tg just exeite ‘the atqmpiﬁlfx

the probability of excitation becomes much greater because -

the primary electron can carry away the exeess eﬁergy and .~
alsg ba1aﬁce_the'msmentuma” Excited atoms being b@mbarde@
by electrons méy eveﬁtuélly lqse.an'electron thus‘fdiming
‘ 7poéitivé i&nsc‘ Th@’eaefgy reguired ﬁé iénize‘an atom or
: molecule 13 known as the 1an1zat1@n p@tentlalo A:liSt of

‘lonlzatlon potentlals ig gaven in Table .

lT Lo Maftlng Jroy and C R Hausenbauer Nates on |

. Thermionic Ion Generation in Gases, fer‘Natlonal ‘Beience

‘Poundation grant NSF-GT767, pp. 4.3-4.4 (eiting Eleetronic
and Ionic Impact Eh@nemenag Do 2 by Ho S Wo Massey and
E. . Ho Se Burhopjo ST o




, Table 1
| [ONIZATTON POTENTIAL: (elec::t:con volts)l
e 13.3 (244, 48, 65, 390)
¥ 145 (29 5. 47, 73, 97)
0 ';3 5 (35 55, RO
c

In 12 ' Bracketted figures indicate

A . - potentials reguired to - -

NZ 155 remove an Erdg %G electronso
G@z ‘1397

VF¥¥An‘éléétren«m@ving toward an atom Wili~@éviate_fram"
;‘its path beeaase @f‘the fbrces'set up'betﬁeen it”agé“the  ],
"eleetrcns 1n the atemo If the f@f@es.exértedGby the pri-
z"_"‘mary ele@tron are. sufflclently lafgg‘and'aet=fér'ansuffi;;u
. ciently l@ng “time, a secondary eleetr@n may be egected
fr@mfthe atom., If the energy of the prlmary elee%ron 1s
‘éxtremely'highg 1tlmay;m¢ve,thr@ugh;the atom without caus-
inﬁ anyrcﬁange; If the enefgy of tﬁe primary électrcn is B
very small9 it may be repelled by the a@cmlc electrons én&

, cause no ghange 1n the atom exgep% perh&ps a certaln degre@
B of pelarlzatlono Sln@e the. energy of the primary eleetfen
"may be ﬁ@ﬁ 1arge or too small to cause any chang69 it is

seen that there 1s an optlmnm anervy Whl@h a prlmarj

o le«von Emgelg I@nlzed Gase39 @xford Pr9359 London9
1955g Po 4'80\ I . . . :



'electr@n'can have to caﬁse ienizaticnol
I@mlzatlon by moleealar lons and atoms of low energy
is not too probable beeause of the large nass and low rela-
‘tIV@ speedov These partieles spend a comparatlvely long
,‘tlme in the nelghborheod of other atoms, S0 there 1s 8. géc&'
V ehanee the eleetreas adgust thelr p031tlons but remain 1n ;
~the atgm Whlle mcmentum is exehangedo _Slnge,the time of |
c@néact is so long in:this'gaée9 it_is possiblé that there
- is é"ﬁranSfe# @f;charge'frém an electron to an ion; thus
- making the ien a nemtral'gtgm*aﬂd:the gt@m a pgsitive ion. -
ﬁaIThﬁs an‘ieﬁ i$fn6§1fofmed»by‘cgllisiéng‘but'one is formed
;;byschargé transferaz é@ﬁineBlmakés the‘fellowing statement

;in'sﬁeaking”@prQSitive jons: WI@ns ap§arent1y begin to

7f”b@ effective 1@niz&rs when there velaeltles are as great

 -as those @f ele@trens Whl@h have fallen through the minimum
ionlzatlon potentlalo- In thls eage the klnetlc energy of
the 1ons is of the order of thousaﬁds @f vgltsg and th@y
lbeeome even more effeetlve ionizers than the ele@trensaw~

At the eleetrodes qeveral proeesses of seeondary

“kemlsszon may ocour. If an ele@tr@n falls on a metal sur-

:face and has an eﬁergy gfeater than the work fun@tion @f

: lJames D, Cobine, Gaseous Gon&uetors9 MeGraw=H111
~ Book Gompanyg Ineog mew Yorkg 19419 BPo. 78°, S

_ on von Engelp I@nized Gasesg OXford Pressg Londong :
;19559 Po 5To - . : : B

_ 300bin99 =g° cltog pa 840.




| 10
thé”surfaeeg a seéon&aﬁy eleétr@n may'be emitted@, There is"
also a se@ondary emissi@n effect Gaused by pesztlve 10ns
1mp1ng1ng cn the surface of the metalo Here9 both charge@~‘
R and uncharged partlcles are emlttedo Th@ ehargeé bartic='1jif
’les are usually slow see@ndary electrons from the<meta19
er in rare cases they may be reflected posxtlve 1enso: Thé
uneharged particles are often molecules @f the gas Whlch
‘were in contact With the surfaee or neutralized positlve
1ens return1ng~tc the g£a8 o When atoms of a gas of 1onlzae,

tion p@tentlal V fall on a surfa@e Whleh has &‘W@fk funew v

'°‘[t;on;Ego;alegtrgn83Wlll\b@ removed from the atoms if

E > Y ‘o

1 .

For phet@zonlzation t@ c@earg thm of the photgn must |
fbe greater than WeViW of 1inzat1©nov h 1s\Planck”s‘copstanﬁ§-
: f‘lﬁ'the fregusncy-@f the wave in @ycles/éecgnég e is;elece,'
tronic chargé9 ané V 'is the-icnizatieﬁ po?entialo The -
‘ nmmber of ions produceé by thzs pr@@ess 1s belleve& t@ be
7‘sma11 compared %o the.number produced by the-ethef:means
mentlenedozlz»' | . — | |

. Ions as Well as atoms may be regarded as systems with

a numbef of quantum stateso En the narmal state the energy’

“vef an atom is E@,‘and the en@rgy of an 1Qn is E . If a

_ E le von Eng919 Ionléed Gase59 Oxford Pf8839 Londeng-,f
‘19559 PPe 799 92-93. '

. gsames D, Gobineg Gaseous C@nduet@r89 Me&raWaﬁlll ff-
'\Bcok Gompanyg InGOQ New York 19419 Do BT,




_ , 11 _
stéblelnegative ion is formed B, - E_> 0. E_ - E_ is the
electron affinity of‘the‘a%om;‘ The eléetren affinity’ef

nltrogen is 0. 04 electron volts Whi@h is very small compared

fwzth that of cther elementso- Fer exampl@ oxygen has an
fjelee%rcn afflmlty of 3o ¥ electron volts. This low valﬁe
;“of eleetron afflnlty Ior nltregen means that the formatlgm
i*@f a n@gative nltxogen 1on is very uncemmonol

| When electrons or positlve ions move under the 1nfluence
@f an electrle fiel& 1n a gas that does not easily form
’ n@gatlve ions, they may9 by co111310n9 produe@ m@re positlve
ions and free eleectrouns. The energy given %0 the partlcles
by thé eleetric'fiela inereases the probability that this
will happeno Therefor@9 a prlmary electron s%artlng at

the negative electr@de may be multiplied several tlmes be=

fore it reaches the anodeog

1.4 MOBILITY |
The mobility of an ion is the egmponent of veloeity
in the direétion'ofvthe eieetric field when a unit eleecirie

field is appliedo§  In other wbrds the drift'vel@city of

: liq L. Martin, Jr., and €. R. Hausenbauer, Notes on
Thermionic Ion Generation in Gases, for National Seience
Foundation grant NSF=G7679 Pp. 4X6-4.7 (eltlng Negatlve

Ioms, p. 3, by H. S. W. Massey)-

QA von Eng819 Ionlzed Gasesp Oxford Press, L@nd@n9
19559 Po 147, :

J1bid., p. 94.


mailto:f@re.lt
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the ions is vy = kE where k is the mobility and E is the
electric field intensity. ©Solving this for k yields

k = vy/E. (1.5)
If a weak electric field (so there is no excitation

and ionization) is applied to ions moving in their own gas,
the path followed by an ion will be irregular as shown in

Figure (1.2).

© O
O e
+ @__+_~:7O l/f \\*_ -
o {( 7©
~\o

Figure (1.2)

In treating a single ion in this manner, it is assumed
that the interaction between this and other ions can be
neglected. It is also assumed that the ions are in ther-
mal equilibrium with the gas and after a collision the
velocity of an ion is the same as if the ion were a neu-
tral gas molecule., The electric field tends to pull the
ion toward one of the electrodes. After the ion moves
along a path whose average length is equal to a mean free
path, it will collide with another molecule and rebound at
random, but the ion will always on the average proceed in
the direction dictated by the field. During the period

between collisions the ion moves as if it were in a vacuum,



| 13
and 1ts aeceleratlon is a. eE/M~Whére e i8 the ehérge‘éh&~ )
M is the mass of “the iom. ._ B N
If A' is the 1on10 mean free path and & is the mesan
: V@l@@lty Qf the 1on9 the time between collisions is t = % /@o; :
If the time. Gf ac%aal 1mpact is negleeted the dlstanee
traveled by the ion is s = (1/2)at® = (eB/2u)t°. The drlft
velocity 18 Vd = (eE/ZM)t = (eAi/QM@)Ew From eguation
‘l'(l 53 vy = kE9 therefore it would appear that k = (eAi/ZMe)
Howeverg ven Engell makes th@ follew1ng s@atemento WBeeause :
}@f the Sb&ﬁlﬂtl@al dzsurlbutlen Qf mean free pathg k9 the ‘
mobility, 1s apparently twiee as - largeg nam@ly
e%(/M@OW:”3; L 3i,'f,j (1. 6)k
Fr@m eguatlon (1. 6) it appears that there would be an -
undeteetable dlfferen@e in “the mebllltles cf sxngly eharge@
,p051t1ve and negatlve ione, beeause th@re 1s only a very
lzttl@ dlfferenoe 1n‘masso If the equation is apnlled te
_electronsg hOW@ver9 the meblllty W@uld be 1ncreasea by a -
fa@ter 1,870 tlmes the moleeularkwelght of the gas. ’WGbser=f'
1vat1@ns show that there is no dlfference between the moblllty
-of positlve and negatlve ions of the same gas unless the
 negat1ve 1©n exists for a eertaln fractlon of 1ts llfe as _ 

a free ele@tron WZ

: Ao von Engel Ionlzed Gasesg @aferd Press9 London9
-19559 ‘Po 9o . . _

21£éi9' ,
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. In air the mobility Qf,negative'ionsAiélslight;y lar=
*-ger;thaﬂ the mobility‘of’éésitivévions because oxygen molat“
 ecules have a great affinity»for a free electrono :The
rformatzon of negatlve nitrogen ions, on. the other héﬁd
’13 a rare proee839 and mgblllty measurements in pure nitre-
gen yield ?alues ap to 20, OOG @m/sec peyr volt/cm 1ndleat1ng
that the ions are free eleetr@nsbr in air it seems that &
majority.of the electrons be@@me atta@hed'to oxygem.molea

u1e39 but a few remaln a8 free ele@tr@ns ana cause an
| 1ncreased average m@bllltyo 4
In seme 1nstanc@s the measured values of meblllty of
 pesi%1Ve 1®ns have heen 3 t0o 5 tlmes smaller than the values
ohtalned fr@m,eguatlon (1 6)s Thls_ls expla;ned by assum-
1ag the formation of @lusterso ‘Whéﬁ élﬁs%eféVafé férmed‘

the mass 1s nost that cf a single molecule but that of th@

"‘1en.and several 1mpur1ty molecules surroundlng 1to The

keffeetlve dlameter of the ion is a%sa 1ncreased9 so the
nean free patn will be. deereasedol_'

LangQV1n and JO,J Thomson develaped a theory @flloﬁl@
‘mebllity whlch toek inte aecount the dlpole nature of a
_‘gaéo In thls theory the ion. 1mduces temp@rarzly an elec-

Atrlc dlpole mement 1n neighboring moleeules as it msves‘

through the gas. The forge of attraction between the ion

1James D. Gob1n69 Gaseous Gonductorsg McGraw=Hzll
Book Gompanyg Inc., Hew York, 19419 PP 35¢410
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Vand thgvdipeies‘cagse*the‘i§n.to'be'défie@ted‘from thé -
airectibn it'is‘éaﬁgeé toimove byithe electrié fieldoiyAn e
exghaﬁge4@frm@mentum be$Ween the ion an@,the gas molécule
wiil,eécurAeVenrtho&gh.theré iskﬁa actual collisiono It
.has‘begﬂ f@uﬁd that the degree of p@larization'increases 
, Wiﬁh*atomié_nuﬁberoﬂ R |

The result of this treatment is an eguation of the

»k‘:-f Afﬁ%}lﬁ o (_1;7')‘

,ﬁhere‘M ahd mi-éré %hermaSSes'of the meiecule and ion res—

form .

‘ peetlvelyg A ds a constant depen@ent bn BQ on the sum of
 the radll of “he 1on and the m@leeu1e9 an& on” the gas tem= ;ff
;peratureg D is the aleleetrle canstant, &nd S is the gas |
‘jdensztyg _Eﬁperlmental resulbs have beén obtalﬁed Whl@h
ﬁeonflrm this equatlon falrly Wellg and measurements using
‘ions of th@ alkallﬁ in rare gases and nltr@gen have sh@wn
—,the dependenee of k on M/M W1

A fast m@v1ng p931t1ve ion eelllding Wwith a melecule'

can result in the ien extraetlng an electron from the mole-=

’5euleo This results in a fast ion be@@mlmg a fas% molecule x,'v

:and a slow molecule bec@mlag a slgw posltlve 1ono Thls
charge transfer causes a reductlon in the effeetlve drift

speed ef the 1on9 and hence the meblllty seems tc be

’ lAa von Engel Ionlzed Ga5939 Oaford Press9 London9 |
'319559 po,99o : -
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' Moblllty is determlned by four fa@t@rso (1) the,size>

},of'thewlong (2) pelarlzabillty'of the gasg'(B) @hargéJtraﬁSw;‘
'.ferg and (4) the pressure of the gasn Table iT glves a

vllst of the most probable values @f m@bllltyo.. '

| It has been f@und from experlment that the mablllty
vof an ion is eoms%ant omly over a particular: range~@f vala:.u

 ues of the’ ratlc of the electrlc fleld 1nten31ty to the

'7'gas pressure . Wh@n values @f this rati@ are largeg the

_mgbility beeomes vaflableo in Ghapter 2 1% Wlll be shewn

"fthat the ratla in the ezp@rlment is about 0. 3 to - l O velts/;?fli

meter per’ mllllmeter of mercuryo* Mcblllty seems;ﬁg-be-a

"e@nstant 1@ thls rangeog

. le von Engel Ionlzed Gase39 Oxford Press, London,
}19559 Po lOSa

. 2T Lo Mart1n9 Jro and €. R. Hausenbauerg WThermlenle o
Ion Generation In Contaminated Air and Other Gases,” Report

No. 1 Grant NSF-G767, Electrical Bnglneerlng Department,

o Unlvigsity of. Arlzenag Pucson, Arlzonag Aprll 269 19559
- PP- =40, .




'Table Ix

Th@ Mcst Probable Values of Mobilities of Slngly @harga&
Gaseous Ions at. 2 C and 760 mm Hg. ~
m/éec per volt/ﬁ

“(in units of 10

=

Gas k

Air ary 2.1

Air very pure 2.5

co 1.4
Co, dry - 0.98
Hg 8015
- He V"V 605
HewveryhpurersoO '
_ 1\12,"", o 1'34.
R very pure 145
O - 1984_

,,i”.

k+.

1.36

1.8
1.10

0.84
5.9

5,09

5:09

1.27
1.28

0 0.82

1,31

)l

f Book Gempanyg In609 New ?@rkg 194L9 po 3§° o

oo

James D. Cobine, Gaseous C@n@uctorsg MGGf&W@Hill



1.5 DEI@EIZATION IN A GAS - g
T On@ @eionizing prooess that takes place 1n a gas 15, 
| «eaused by &1ffa81ono ”hat 139 the ions move from areas of
:thlgh eoncentratlon to areas ef low concentratlono M@gh,gf
this movement 1s caused oy the mutual repu131en setrép be-.
tweem two 1ons of %h@ same 51gno. It the 1ons dszuse 1n
,the same direetlon as the electrlc fl@l& a@tlng on them9
their. Velecity will be the sum of the veloelty due tc th@ :
"észu51on process an& the veloelty caused by the eleetrlc
fleldo Sznee the mebillty of the 1ons is dlr@ctly @r@p0r=
’* t1©nal t@ the vel@@zty9 thls W111 result in- -an 1ncreased |
_Limoblllﬁyo ' _
B Amother delon121ﬁg érccess is the ree@mblnatlon of
7two 1@ns of Qpp@%lte«31gno If twc @pp@Sltely charged~1®ns_'
should happem $0 come near one anotherg there is a f@rcev'
'jef attraetlen set ap between themo The negatlve_zon will
";@S@ its loosely bound electron to the gositive i@ny,and
'béih will becoﬁe ne@txal atoms or,moleculesp~_Théregergy
IGVOlved by,the ﬁecgﬁbiﬁaﬁien of slow ioﬁgvié.éppszimately"
the same. amount that-was*reguired t@'prcaueé the i@né'from.'
fneu’trai meleeuleso Thls energy ean a,ppear as an- 1ncrea,se
l@f klnetle energy of the two molecules, as excltatlon en-

"qergyg Qr as radlatlon emltted durlng the aetual recomblnaﬁlon

le von Enge19 Ionlzed Gasesp Oxford Press, Londong‘

.19559 p. 121
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periods Beeause linear momen-tum, angular momentumg ‘and
spin must be conserved the 1ncrease in kinetie energy. is
 probably a rare proeesso -At-hlgher pressures recomblnatloﬁ_f'
/@f ions 13 controlled by the eleetrlc flelé set up by the .- 1
:eharges on the 10@80. The pr@bablllty of ree@mbination de% j

'pends on the relatlve speed of the partlcles and decreaseal

"‘ias the relative spee& 1&@?9&3@3 be@ause the tlme which the

partlcles are close tegether decreases w1th 1ncrea51ng
| speedo If howaver9 the ion is ex@ltedg 1ts efLe@tlve
dlamete£ is gfeater9 and the pr@b&blllty @f ree@mblnati©n
is gr@aterol - 4

| It is posszbla that the proeess of deionlzatlon may
‘ o@emr in steps. An~19n may,capture an electron and become
an execited m@leculeﬁ _Thé @apture.@f thelele@tren causes
“the reieéSQ of a‘cerﬁain amount of energy;\ The electrén
may then move %o a lower energy state and reléasé nore

energyoz

1a, von Engel Ien12@d GasesQ,Oxforé Pressg Lond0n9
19559 pp. 132-133. :

| zzblaOQ pe 140,




| Chapter 2
| HI@H‘?RESSURE SPACE CHARGE

The hlgh presgure apace Gharge eauatlon derlved 1n‘fﬁ“
thls chapyer is developed from two derivaalonsg one by

von Engell and the o»her by Martlnoz

The result 1s.th@l
Asame as that @btainea by Martino-'fhe remain@ér of the
‘material iA the @napter Was taken fr@m Report Number 1

 “Thermionic Ion Generatlon in Gontamznated Air and Othe?

"fgasee WB | |

- Phé author claims no originality in any of these deri-

vationus.

le von Engelg Ionlzed Gases, Oxford Pre539 London ,
19559 Po 17.

: 2T L. Mart1n9 dJr., Thermionic Ion Generation in A1r9
Ph.D. Thesis, Stanford University, 19519 Po 26,

3”0 L. Martin, Jr., and C. R, Hausenbauerg WThermlonle

Ion Generation in Contaminated Air and Other Gases,”® Report.

No. 1 Grant’NSF=G7679 Flectriecal Engineering Depariment,
University of Arizoena, Tucson, Arizonas April 26, 19559 :
Cpp. 11, 15, :
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2.1 DERIVATION OF THE HIGH PRESSURE SPACE CHARGE EQUATION

e j ————————

_______ |

Figure (2.1)

le
l
|

At high pressure the current density caused by ions
moving in a gas is
J = pvy (2.1)
where p is the space charge density and vq is the drift
velocity of the charged particles. In Chapter 1 the drift
velocity was given by vy = kE where k is the mobility of
the ion and E is the electric field intensity. Mobility

is assumed to be constant. Substituting for v, in (2.1)

d
j = PkE. (2.2)
The current at any point r in the interelectrode space
is given by
I, = 2nrJL (2.3)
where L is the length of the cylindrical electrodes shown
in Figure (2.1). Substituting (2.2) into (2.3) yields

I, = 2nrLpkE. (2.4)
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‘AVPSissonVs eguation sayaz -
T?ZV ~p/D
D bezng the dleleetrlc @onstant of the medlamo' If eylin-
drical coardinates are used9 1f there 1s radial- symmetry9
and if 1ﬁ 1s assumed that there is Ao varlatlen of V in

,the Z dlrectlen thls becomes'

, r dr
- If the @b@ve_assumptibns~are true dV/dr‘a <E, therefore,

(@2V = -=-J='» «Q——-(TE) = ‘=’p/D - ' (205)
From Equation (2.4) p = Ib/é-rkELo 3gbsﬁituting this_into
(2.5) yields |

18 (omy = —In
T dr.(rE) ZRTEEDL o
Rearrangingrte:ms _ |
- rEa(rE) = (IE/ZTKD)E@:CD o (2.8)

In @rder to selve thls equatlon a beundry @onéltlen
»‘must be knowno The condltlen that a@ r=2a, E=20 Wlll

be imposed. Integratlng (2 6)
5 RS
S.'rEd(rE) =) (I,/28kd)rdr.

E is the electric field intensity at any>point T
Oarrylng out. the 1ndlcated 1ntegratlon and selving f@r

the electrlc fleld 1ntensity yzel&s

(G/r) v 2 P | (2.7)
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o inlwhiéh.@_="Vrﬁzjisﬁzﬁj , -;
- Now E é.adv/aro Integratlon of (2. 7) glves the inter-
 91eetr0de potential dlstrlbuﬁlon ‘when the limits of Eb and -
0 at r =band ¥ = a are,employedu The eventmgl resu@t is

_where'B VIS (a/b)2'= (a/b) tan 7T (b/a)\/ T = (&Zb)z

WS%uarlng (2 8) and sub@tltutlng f@r € gives

E

.by {Ib/ZTkDL)b

in. which B is a eonstanﬁ determined by the tube dlmQHSlOﬂSo‘

Solv1ﬁg for Ib ylelds
(2WkD/b #)e%n. (2.9)
It should be nmoted at this point thet if I, is plotted
against-Eb on logflég paperg‘thé resu;t_should'be a étraight¢
line with é‘slopaﬁof 2.0, |

2.2 FILAMENT DROP CORREGTIQH

In the tube used th@r@ was a dr@p @f approxlmately

five volts along the length of the fllamento ‘A correction f‘

faector can be derlve& to eempensate f@r this effeét- but
this eorreetlon Wlll not be comglete because of temperatur@-'
| variatlens along the length of the fllam@ntol _'
- Let Vz ¥ plate=t@=f11ament voltage at any p01nt aleﬁg

-~ the z=ah159“' BEEE A |

V., o= potentlal at any p@lnt on the fllament Wlth

"respggt to the grounded end.
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v, g'Ebsﬁ’vl depending whether the + or - eﬁd'@f the fila-
meﬁf is grouhdedc‘ | »

The éufrent originating‘from a'differential‘length of
fllament is from (2.9) S - | -

ar,

= 6y (B, + T, )de S (2.10)
where G, = 2%Dk/b°B%.

Now 1f Vf is- the drop across the. effeetlve length of
fllament and if 1t is assumed that the fllament re51stance

- is eonstant9

| Vo= Velz/L). = - (2.11)
Then 4T, = Cy (B, i.vfz/l)gdz
= 6. (E° + 2B V,z/L .V 2,2 1124z
“1 By plg?/ b+ Ve 27/ °

" Integrating from,z = 0 to z = L yields
| I, = CE°L(1 + V./E, + 7 2 53 2)
b~ Y17k f b £k
The. filament drop correction is |

Co = 14 Vo /B + V,2/8 2 (2.12)

f = 7D £77p ° e ‘
Smbstituﬁing for Gl and solving for the mobili%y yields

X = Cszz/éﬁDL)(l/Cf)(Ib/E .  (2.13)
The followlng values apply to the dl@@e useds

2.55 X 10 -4 neters
=2

2. 70 X lO meters

il -

= 7,62 X 10 2 peters
0.986
10°9/36 %

‘H“

H W H o ®
k

0
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Substltutlng these 1nt@ (2. 13) yleldso o

ko= 1. 676 X 108(1/0 )Ib/Eb meter/sec per vclt/ﬁetero (2. 14)

'Thls is the expresslon for the ion moblllty in- meﬁers/sec
,per volt/ﬁeter for the diode used in %he egperlmentso
Values of the filament correetlon factor Gf for typz@al :

cperating valuES of. Eb appear in Table IIIoi

‘Tsble IIT

B, (volts)  Op(¢)  Gp(=)

60 1.086 . 0.924

s 1;064 0,941
100 3 1,051 0.953

120 K 1,043  0.960
140 0 1,036 0.966

160 ©1.034  0.968

180 . 1.028 0,973

2.3 E/p BATIO OF THE TEST SYSTEM

It has been found that'mobility*beébmes variable ﬁhen.
the raéie,ef»electfievfiei& intensity to gas pressure is
largéo The electric field-intensiéy'in thé ihterele@tfadeg‘
spaee can be found by substltutlng eeuatlon (2.9) 1nto |
equatlon (2.7)- Thezresult is o |
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Substituting numerical values

' _ _ =4701/2
_ : 0.899 X 10 "™
B =4 3&76)[1 T T (z/B)Z. ]]

'From this it is seen that the maximum field intemsity =

Eb (2 016 ) :

will occur when“r = b and when Eb‘is'aﬁmaiiﬁum;“ The maxi-
mum vaiuévof Eb use& was 180 veltsglan@ tﬁé‘mihimﬁm‘%as M
76O‘Volﬁs; Using these values E varies from abou% 1.0 to.

Ooﬁ.volﬁé/meter per mm Hg at © = b These are Well belew
the #alués of E/p»for Whigh.Varying}mablllty_has been ob--

, servedol

1@ Lo Mart1n9 Jr., and C. R, Hausenbauer9 WThermlanle
Ion Generation In  Contaminated Air and Other Gases:;® Report
No. 1 Grant NSF-G767, Electrical Englneerzng Departmentg '
Unlver51ty of Arlzenag Tucsan9 Arlz@nag Aprll 26 1955,
po 15, . : .
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'EXPERIMENTAL ASPECTS

This'chapter eontains a &eseripti@n ef7the'equi§ment |
useé and the experlmental proeedure follewe& in an attempt
to experlmentally verlfy the high pressur@ space charge

equatlon developed in Chapter 2o The experimental results

' are’ 1ncluded and dlseassedo

5o 1 EQUIPMENT USED

The iom currents were produced in a dl@d@ eonf1gura=
tion whleh weas made up of a cyllndrleal plate. Wlth a .con=
centric ‘filament. The @onstrugtlon,of the diode is shown
in Pigure (3.1). The aﬁis}of'the~ﬁubeJWas placed var?ie=
ally, and the filaﬁént~was'under . Slight ténsion to pre-
vent bowingo Guard rlngs were employed at elther end Qf
the plate to mlnlmlz@ frlngln@‘@f the. eleetrlc fleldo
C@ollng plates were plaeed on the guard rlng39 Qlate9 and
both top and bpttom fllament,supportsrto.hel@'earry-away
the energy dissipated iﬁ heating‘the filament;

,‘ Flgure (3 2) shows the essentlal electrloal eonnectlonse
The fllament Was heated by a Do . sour069 v . The eleetrle.'
»fleld between the plate and fllament was preduced by an~
 QGher D, Go voltage supply Ebo A Beckman Ultr@hmeter was

used to measure the 1on @urrents Whleh Wero @f order 10 -8
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Figure (3.1)
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Guard If
| Ring
= ©
L*-@— Plate | Filament —
Guard
[ ] ring
= ¢
Figure (3.2)
8
\
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Figure (3.3)

“HH=

Eb —_—

Reverse the polarity of
E for negative ion currents,

v - Vacuum Tube Voltmeter

Vf I - Ammeter
Ib - Beckman Ultrohmeter
R - Esterline-Angus Graphic

Ammeter

1 Diode

2 Bell Jar

3 Campressed Gas

L Ionization Vacuum
Gauge

5 Mechanical Vacuum
Gauge

6 Freezing Trap

7 01 Diffusion Pump

8 Vacuum Pump

9 Pyrameter
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.  ampefés? An EsteflineaAngusIQraphié Ammefer'Was placeé

.in series with the meterlén the Ultrchmeter wzsﬂ;:ezlf’ac:on'i:lixl.uc=

ous reeord of the 1©n currenﬁ was é831reéo An ammeter was

used 1n the fllament clrcult an& a Voltmeter was placed
- agross Eb to read the fllament eurregt_an&_plate,voltage:f‘
respestlvelyo ' -

‘Because of the very small currents that were measuredg
leakage currents had. $o be kept at a minimum. . The bell |
Jar Whleh surrounded the dlode was. covered with 2 groundeé
‘metal cage@ This eage ag@ed as a shield agalnst any stray
1eakage currents. |

In Figure (3 3) the equlpment necessary for the eon- |
‘ trol of the atmosphere around the dlode is shown. 'Twov |
types of Vacuum pumps were employed to remove the air from
the bell garo One was a rotary9,01l=sealed pump, and the
other was an oil diffusion,pump; A freezing trap was placed
between the bell jar andAthe diffusian pump to freeze’ény
water vapor that might be present in the system;_ Phis
alse served to keep the hlghly purified 011 in the pump
| from becoming contaminated. |

TWQ gauges were nused tO*measure the amount of vacuum =
in.the beli jaro One was a mechanical vacuum gauge which
measured the pressufe in 1nohes of mercury, and the ether‘
rbwas gn 1qnlzat10n gauge which measured the pressure in
microns by the glpwfdischarge meﬁhoa”éf ioﬁizihg reéidua;,

gases in the envelope of the gauge tube.
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The gases ﬁsedfinﬁthe tests were water pumped nitrogengy
prepufifiéd.nitr@geng and commereial carbon diéiide 6btaine@
from the Méthesen Cempanyg ‘Their}properties are given in
 Appendix T. | - o B
The Pyrometer shown in Figure (3 3) was used to deter=:
.mlne the brlghtness temperature of the fllamento
The fllament was number 24 platlnum wire. P;aﬁinum
wasg @hosen because it has a very hlgh melbzﬁg‘péiﬁt, ané

_it dees not oxidize.

3.2 EXPERIMENTAL PROCEDURE

The original plan for conﬁrollingfthe atmosphere sur-
4 rounding the diode Wés'to create‘arhigh.vaeuum in the bell
jér and then purge it with the desired gas. The vacuam
system used was found t0- be rather'iﬁefficientg g0 other
means”of controlling the,pﬁrity of the gas had to be:msedo;
It was discovered (See Appendix,II)-that thé purest atﬁGSu
phére conld be obtained by a“sefi@s of purgings instéad of
just_onéo By doing this the amount of impurity iﬁ the'gas
in the hell jar approa@he&vthe amount of impmrityvin ﬁhe
gas itselfo | | | |
‘ Te insure stable operatlng condltlons the leamentr
and all of the meaaurlng 1nstruments were energlze& for av
1east one nour before any data was taken. The temperature
of the fllament durlng the Warm=up perlcd was set 1n the

neighborhood of.1300©00 The range of tempeﬁgtures,between



1300 and 1500éc.was féund to be most aesirabieov iheuupper
téi@eraturéAlimit'Was set jﬁst,belew'the*bréaking~tempera;
ture of the filament. "
. The temperature measurements made with the @ptlcal
pyrometer Were not aceurate since a@tually the pyfometer
is only good for ideal black b@dy cendltlonso Thls 1s, ‘
H'«hgwgvgrg not 1mportant beeagse the 1nterest ig oﬁ the valﬁe_
éf ion‘current When‘the eleegtric field intensity is zér@
at the fllament surface and not the temperature at which
this occurs. | o |

The“temperaturé Was vafi@§ in a@proximately~twenty, 
éegree steps betwgenyﬁhe.twp limitso‘vAt eaéh filament
temperature the plate veitaéé was_vafieduénd the pléte :
~current was réeordedo The range of plateivoitageé used
was . sele@te& so the desired spaee eharge limited c@ndltlan
would exist ln the tube over at least part of the temperaa
ture range. |

If a8 graphle record of the jon current was d651red9_
the Esterllne=Angus Graphlc Ammeter wes put 1nt@ the eir-

euit ag shown in- Elgure_(sz)o

’3 o3 EXPERIMEWTAL RESULTS

A Flgure (3 4.) shcws plate current as a. funetlon of
fllament temperature for negatlve 1ons in Water pumped
'nltrogeno' Elgures (3 5), (3. 6)9 (3. 7)9 (5 8), (3. 9)9 and B

A(B 10) show th@ ion cufrenﬁs 1n @afbon.dle 1d@0 In Flgufe



(3, 4) the - current reaches a max1mum value and then decreases
as the temperature 1ncreases,'but in the other figures,
the qgfrent becomes 1ndependent vatemperatureo~ In all
of the’figurés there is an indication thaﬁ the tube changes
 ‘from a temperature limited cénditioﬁ to a spa@e charge
»1im1ted cond1t19n9 but the value of current at the tran31=
tien point @amn@t be determined for the nltfogeno ﬁhe ions
in eafbon ledee seem to0 follow more el@sely,the thecretiel
eal behav1or dlSGuSS@d in Seetlon (1.1).
The max1mum values of eurrent from the carbon dioxide

tests are tabulated in Table IV. ©Since the values are

S0 nearly the ‘same for each platefveltag¢9 an average was
taken, and this average was plotted against plate velﬁage

on 1ogal©g paper in Figure (3.11). These pein£s,fa1l in

a straight 1ine»whieh has a siope of 2.0, Thiﬁ agrees with
the theory developed in Chapter 2. The average‘valueé of
current énd the m@bilities of nega%ive'i@ns in earbcn‘diw

oxide calculated from equation (2.14) are listed in Table V.
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Figure (3.5)
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Figure (3.6)
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Figure (3.7)
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Figure (3.8)
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Figure (3 09)
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Figure (3.10)
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| Table v

Maxzmum Negatlve Ion Currents in- Carbon Dl@dee
(ib in units of amps X 10=-10) o

Pigure . 35 3.6 3.7 3.8 3.9 3.10
By (volts) - I, I, ~Ib  I I, - Iy

60 35 36 -~ 34 35 33.5

80 N ézm 64 — 60 . 61 60
00 96 100 . 9. - 9% 96 96
120 140 145 136 140 138 140
140 192 196 184 190 184 192
160 250 270 245 250 250 260
1180‘ 300 340 320 380 320 | 33@H

‘fable ¥

Average Negatlve Ion Currents and M@bllltles @? Negatlve
" Ions in Carbon Dioxide ,
<Ib in units of amps X 10-10)
(& in units of 104 meters/sec per. velt/meter)

b (vqlts) . Iy avE k
60 | »134;9 1.76

80 . 6l.4 1.71
100, - 96 1.69
120 140 1,70
140 190 1.68
160 C 254 L.T2
8o 323 172

‘Average Meblllty 1, 71 X lO 4 meters/sec per volt/meter
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'Thé-following‘ﬁhrée figures - (3. 12); (3.13), and"‘
(3 14) show the results of three tests made in prepurifleé
nltregeno The tests in (3. 12) and (3 13) were made with
~th@ same;fllament after the bell gar«had been~purged tw1eeﬂ
‘Withvnitrogena Hefeg the magnxtudes of the currents are"‘
mueh greater than %hose @btaln@d 1n Flgure (3 4), ut theyf 
'are a@proX1mately the same 1n these two flgureso Thls is
What Would ‘be expncted 31nce th@ prepurlfzed nltrogen is
more pure than the waﬁe?'pumpeé,mltf@gen and simce-the
mobility of negative ions in §ﬁre nitrogeh is vefy highl_
(see Seetien 1o4);7 The‘faét that the m@bilitiés ére highexr
the more pufe the nitr@g@n‘is furthér brought out in Figﬁze
(3.14). In this tést the bell jar. Qas purged feur-fimesi"
"Wzth the prepmrifleé nztr@geng and the currents abtalned
were Very 1arge eompared to those cbtalneé in the cther
tests.

» Sinc@ th@ maxxmum currents in earbon élGdee were the
spaee charge llmlted @urfentsg 1t was thought that perhage'
the maxlmum eurrents in nltr@g@n may have some meanlngo_
These ma11mum values for all negatlve ion tests in nltregen '
. are llsted in Table Vi, and a l@g=l@g @lot 13 made - in
Flgure (3. 15) The results were three stralght llnes which
had slopes other than 2 00 ThlS 1ndlcates that Ib = KEb@
Where X 13 a constant and ® is. the slope of the 1ine on th@
1@g=leg ploto_,slnce»thekslope ls nct_aoog_mobllltles can~

not be calculated from equation (2.14). ‘This deviatien



_4 o - 4
: from the thé'ory is bé;ieved t’o‘be; ceused by é,'distqz;ﬁeé
‘space charge set up‘in_ the gés that does not easily Form

E vnegativeipns? -'Thisvwas_ discussed near “théend'@f Segtioﬁ T

.103;"_ s












 Table VI

 Maximum Points for Negative Ions %n Nitrogen
| '_(;Ib in units of amps X 107 0y 7

Pigure ‘(304)w -(30;2)', f(3;13),‘ (3.14)

E, (volts)- | I, - I, I, Iy,
60 e 10 - 172 352
80 112 360 360 720
w00 182 660 660 1100
120 300 1060 1080 . 2000
140 430 1580 1600 3000
160 L R— ———m 3950

1180 780 L e 5300
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Table‘VII-gives‘scme‘Qaluesr@f'currentiior positive
" ion’emission in'géfbon.digzide;':Thése tests were maée

fSuGC@881Vely as fast as p@ssible at a constant fllament v

’temperature and vary1mg Eb ‘The' tnlng th&t sh@uld be neted
-‘ from the table. and from Flgure (5 16) is that there seemg
‘.fto be a decay @f th@ positlve 1on eurrent as tlme progresseso.

'zThe carren%s were steady and eonstant at flrst but th@y
-goon began %0 deeay. Af@er.a.p@rlgd’of time the currents
not’ only éeeayedg but they also béeame erratic. |

; The decaylng and . efratlc nature of the positive ion

"eurrents is further illustrated by Flgure (3.17). 1In th@se‘r'
two teshs an older filament was used. The top part of the
figure, shéws the decay innitr@gén and t@e_l,@vver part in.
uvcarbén'diéxideo The éamé filameﬁt Wés used in both tests,
There was a surge @f p081tive 1on current just as the fila=

ment burned euto



Table VII

Pasitlve Ion Gurrents at a Temperature of 1490@6

- @ ® @ @
Eb (vcl'ﬁS) - »Ik) S b b o | b% )

60 'l 21 21 20 20

- 80 38 .38 i3k .34
1100 60 60 50 i
120 86 - 80  _ 68 68
140 f@. 118 100 92 90
160 156 128 120 o 116
180 - 200 160 152 140
o f(Ib‘in gnifs ofﬂamps X lOﬁlQ) |
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Pigures (3018)9x(3019)9‘and'(ﬁnzo)-show the regulﬁs
" of three more positive ion tests médéqwith’néW‘filaments
,iiﬁ the pefied,befcre the decay in the current beeame oo
netleeableo These eurves donﬁot'levéiﬁéff as the?negéﬁiv@
’1on curves in carb@n dedee dldo Thisiin&iéatesithat’the'
tube. was operatlag underua tempergture:limitééAcéndiﬁionw
‘and dié'not change to a‘space.éhargé liﬁitédveénéitieno
The maximum polnts from these tests are given 1n Table V1119
and the log-log plot is given in Flgure (3. 21) The line
obtained from Figure (3.19) has a slope @f'zoOﬂ@ver;the
Vgreatest part of its léngthq‘s@ maﬁilities?wefe calculated
from this data and lisﬁed in Pable VIII. Tﬁe only justifi-
‘cation feor this is}the slope of 2.0, therefore these mo-
bilities may have no meaning at‘aliksinee it seems*thaf the
Vtubé waS‘operatingAunder a,temperature 1imite& conditiéno |
The recofd of ion eurrent sho@n in Figure (3022) was
nade imme@iateiy following the data in Figure (BOQO)9 I%
Ash@ul& be noted that the currentrremained.at’a constant
value for a short time before it began to decay. The éecayi
‘was steééy until the f£ilament bu;ned;cutck The current aid
not becgme nearly: 80 @rratlc in.thlg ease. Flgure (3 23)
'1llustrates further the erratle and deeaylng nature of the
positive ion currento B@th Flgures (3.22) and (3 23) sh@w
a surge of p051t1ve ion current gust as the fllament burneé

outa
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Figure (3.18)
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Figure (3.19)
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Figure (3.20)
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Table VIII
Pesiﬁi#efiens in Carbon Dioxide
(Ib i@ units of amps X 10710)
| . Pigure {3018) '

_Eblfvolts) , Iy
60 120
80 35.7
100 . 5546
120 - T7.6
140 | 101
160 130
180 164

 Positive Ions in Nitrogenm
(Ip in units of amps X 10-10
(k in units of 10-% meters/sec per veolit/meter)

B Eigare (3.19) Figure (3.20)
E, (volts) I k I,
60 27 1.16 2844
s0 46 1.3 48.3
100 | 72 1.15 76.6
120 104 1.16 113
-140 140 1.15 153
160 180 1.4 202
180 220 . —mmm 262

Average Mobility = 1.15 X lea4'meters/3ec pér velt/metef
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Figures (3.24) and'(3025)_show 2 hystéresis eff@@% ’
‘which was observed when the temperature waé‘inereased than
 decreased at a constant platé voltégea The'éf%ect_was
| much more prornounced forQnitr@gen than for caﬁbon Qinid@9
 but it was clearly present in both gasess Data of this
nature coﬁld not be obtained for positive ions because of
the decay in ﬁhe current. No’explanatien forgihe oceur-

rence of this effect is known.
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Figure (3.25)
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3.4 SOURCES OF BRROR
' Probably one of the greatest sources of error in the
experiment were_the conveetlan currents set up in the inter—
- electrode space because of heating of the gas by the fila-
‘1mento‘ The mcvement“@f the gas would causé theAichS to be
defleéted from their reguiarfpaths and thus:make'i&eal
measuremeﬁts lmp0331bleo' | o
Errors may also have oecured in the current readingso
The currents Were produced by settlnv a voltage on the
plate., This veltage could nct be: set at exaetly the same
value eaeh time9 and it was notlce@ that very small var1a=“w'
tions in the veltage caused a notleeable dlfferenee in the
,'ion»eurrentsa The hlaher seal@s on the Ultrehmeter also . |
Emade the readings more inaccurate. - '
The temperature varlatlon alongvthe length of the fila-
ment ﬁés~amother sourcenofyerEOTQk This'véfiaticn meant'
- That emission W&S*@ﬁeven aldng the 1ength of the filamente
V_The varlatlon wa.s dependent on the ind1v1dual fllamentg‘
- and there was no means of t&klng 1t 1nto accounto -
The exact amcunt and nature of 1mpur1tles in the gas
‘jitéelf Were'notyknownov The mob;llty @f‘an_lon moving im
a’gas dé@ends.a'great deal on thé'amount of impurity in the
g@sg 80 thls is another reason Why experlmentally determlne@ 

 values may not agree Wlth publlsned valueso



'Chépter 4‘
GONGLUSiGNS« 
A eomparlson of the mobllztzes determlned fr@m equa»
.tlon (2 14) and the values glven in Table IT prebably has
. very 11tt1e or no meanlng 31nee the exaet nature of the
ions produced 13 not known and s1nce the values glvea in
Table II are the'most'probable values at Q°C (the exact
temperature ef the gas in tha experlment 18 not knewn9 but
it wes much higher than this)o.: ' - L
Altheugh no. mobllltles ‘eould be calculated fcr nega~_

:tlve ions in nltrogeng it was,obsﬁrved that the mobllltles‘

. were very hlgh since they are proportlcnal to the 10@ cur=_f‘}'r

rentso I% Was noted that the currents became mueh hlgher
_as the nltTOgen Was made more pure. Thls 1ndlca$°s that
‘:many of the ions We:ekfree>electr©ns_throughout'ﬁheir;exd,“
istance in'théftubepA_Some of the eleetrons'probabljrbee
came attaéhed'to impgritiesVin‘the.gasléausing theréverage
Smohility to be l@W§2 thanf§hat of free electrgmso: Sin§e 
fnitrOgen'does not formjnégatiVe iOnég-thelfast mcving elec=
 trons may have produced a great maay p051t1ve 1ons Whlle _ |
"mov1ng in the tube @au31ng a dlstorted spaee charge to be
set up in the»1ntereleetroﬁe spaeeo ‘Thms;may be the.reasent

© the tube did not follow the theoretical transition from a
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temperature 11m1tea condltlon to a space charge llmlted
condltleno L

In carbon dl@Klde the tube gave evary 1ndlcat10n of
»ehanging from temperature llmlted to space eharge 11m1ted
operaticno The meb111ty of negatlve 1ons 1n @arben d10x1de 
‘was ealculate& from e@uatlon (2. 13) and found to be 1. 71
X 107 -4 meters/éeeond per volt/ﬁetefo o

‘The data in Figures (3. 5)9 (3 6)9 and (3.7) was 2ll-
obtained from the same filament. Tha age of the filament

at the beginning of the test .in‘lmgur'e (3.5) was 14 1/2
| _hours, and at the beginning of the est in Figure "(3"17)»3,

i%‘wasi3th@ursa The magnltudes ef the currents @btalned

Cin all three tests Were appraximately the same. This means o

| that the negatlve 1on current is 1nd@p@ndeny of the age of
) the fllamento This . 13 brought out for nltrogen by Flvures_
.'1(3 12) and (3 13} which were made w1th the same fllamenta
’:‘Here aﬂaln the currents have apprex1mately the same magnlék
':vtude in both testso-v | » ' :
Positlve ion. current59 however9 d@ &egen& on the age'
« 0£ the fllamento When. p@Sltlve i@n eurrenxs are produeedg‘
“they are constant for a tlme bmﬁ then began to decayo At

‘flrsﬁ the decay 1s steady9 but soon the currents b@comev.

»‘,very erratle and gumpyo' The decay c@atlnues until the

‘fllament burns outo At a temperature of 1500°G the flla,==
;.ment Wlll burn cut in a perlod of fr@m WO $o flve hours°~

Qne fllament Was 1n oper351on f@r alm@st thlrtwaour houra
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‘ produeing negativé:ion currents in the témperature‘rénge .
‘of 1300 %o 1500°C. This filament was removea from the tube':_

il before it burned out. Erom this 1t m1ght be eoneluded that:i
--the negative ions are emitted as elegtrons which may bg re=

placed by other eleotf@ns frém'the‘ex%ernal éircuit@‘ On

the other hand9 pos;tlve ions are produced frem 1mp&ritles

'1n the fllament or the fllament mateflal 1tse1f Whlch cannct

»;be replacedo‘ Thls Wearlng away of the fllament causes it

to burn out after a, short per;od of tlmeo ‘When the fllaa

ment. is new. the materlal which - praduees the posltive 1ons

- is plentlful and near the surfaceg S0 for a short tlme th@ S

posmhlve ion currents are steddyo‘ After a Wh1189 howeverg"'"
the surface materlal is worn awayg and thﬁ PQSJblYe 1cny' 
- must come frem the 1nter10r of the fllamento Tha'binding"
forees here are greater9 80 the current beglns to - d@cay
‘and,beeomes erratleoz This tearlngfaway»of the filament
causes 1t to break. o ‘ -

4 In Seetlen 1.2 it was mentioned that most 9031t1ve
ions fram platlnum are- from alkal;ne 1mpur1t1339 and emlsc_~'
sion of platlnum ions is ebserved @nly in a rush Qf current
- just before the filament burns out. In each case when a
._fllameﬂt burned out there was a surge of currento  Thiéfméy'
have been a eurrent caused by p031t1ve platlnum ions. |
“ In the p051t1ve ion tests there was no 1nd;catlon that
“the tube beeame spaee eharge llmlted " In one of the tests* -

& plot af the maxzmum p@lnts on 1@g=10g paper ylelée& a -



| | 69
stfalght llne w1$h sl@ge of 2.0 A'mcbility for:pcsitive
ions in nltrogen was calculated from the &aﬁa and foun& to

be 1.15 X 10 4 meters/second per velt/ﬁetefo )
Na'explanation can be @ffered for the hysteresié effe@ti' '
pr@dueed When the temperature is flrst lncrease& and then ’
decreased at a constant plate voltageor It is- p@ssible that ;
.thls is some effect eauae@ by the spaoeA@harge at~atmespherlc”
preséareg -' |
| 1t is reegmﬁended,fhat if more work is_éone al@ngithése
lin@sg a me@hod-be found té determine the type of ioms mavsvvv
- ing in the gaso The anly method of determimzng the accuracy
@f the egp@rlmental work is te compare th@ mebzlltles cal-
culated from equaticn (2.13) with published values. This-

is only possible if the type'gf ion ‘is known.

Univ. of Arizong Library



' Appenalx I
PR@PERTIES OF THE GASES _

| -Nitrogen
. Nltrogen has an atgmle number cf T aﬂd an atomzc welght“
- of 14 0080' One llter Welghs 1. 2506 grémso«~The Water
. punmped nltrcgen has an Qxygen contemt of” less than 0.5%
by wvolume and is. saturated ‘with water vapero  The prepur1= -
fied ni%fogen 1s dry and the cxyg@n eontent EE guaranteed
4o be less than 0, OOT%QV The hydrogen,eontent is alse less
than 0. OOl%a | o | S

Carbon Diokide 7
Carbon dioxide has>a molecular»weight of 44.01, One
"1i%er weighs 1.9768 gramso It has a purlty of 99 5%

The 1mpur1t1es are alr and moistureo ,



Apgendlx II
PURGING OF THE BELL JAB

1

Aecerﬁlng tQ Dushman the number of m@lecules n 1n a

cuble centlmeter of a gas is
n = 9 656 X 10 me/T

where pmm:is'the @ressare in‘mllllmeters»@f MeTeULY and
T is the aﬁseiuﬁeicentigrade température; Thé number of
moleeules per eublc centlmeter at 500°Abs and 694 mn Hg
(atm@spherle pressmre in Tucsan) is 2.2 X 1019

‘A% atmospherie pr@ssur@'ignsumake ab@gt'log impacts
per seecndoz In air appreximately 21%’9f these collisions
Cwdill be with oxygen melé@ules aﬁd appreximaﬁely 79%'Wi§h
n;tr@gen ana'inert:gaseso, If nitrogen is put 1nﬁo the bell-
jar the oxygen m@lecuTes must be con51dered 1mpur1t1eso
P #*ultlmate attalnable pressure in mm Hg
¥y = number of 1mpur1ty molecules per ce remalnlng in the

| gag after the-ultlmate-pressar@ is reached. This is
also the nuﬁbervof impurityiﬁdleeéles which will E@

- in the system after it is brought back to atmogpheric

: lSaul Dushman, Vacuum Teehnlgu89 John Wll@y and S@ns$
Inc., New York, 1949, Po 80 S

gLeonard B. Lceb Fundamental Pr@@eases @f Electrical
- Discharge in. Gasesg J@hn Wlley and Somsg Incog New Yarkg-
,19399 po 350 -




pressure with a pure gaép

b = number @f‘eollisi@né that-wili_@ccur with impurity
meleeules per sec@nd in a ce of gaso | | u

N =inumber of moleeules per ee in the system When the ula

= tlmate pressure is attalnedo

‘y-é (% impur1§y moleeulas per ec in the gas. aft@r it is.

| breught ba@k to atmospherie preauur@)(ﬁ)

b o= (% impurity mele@ules per ce in $he gas after it is
-brought baek to atmospheric pressure)(eollision;fre=
quency) o | |

From the ab@ve 1nformat10n 1f the system is pumped to |

l@ ? mm Hg (1 mlcren)9 the number of collls10ns with im-

purltles will be 3.64 X 10~ =4, If the system is pumped to

only 2.5 X 102 (25 microns) and purged three times, the
number of eolllslons with' 1m§ar1tles Wlll be 6.5 X l@”5°

This shows that the gas can be ma@e more pure‘by-a‘serles

of purgings than by a single'evaeuation and one purgingg
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